A B S T R A C T The mechanism of hydrolysis and absorption of a proline-containing tetrapeptide, Leu-ProGly-Gly (10 mM) by rat intestine was examined in vivo by using jejunal perfusion methods. The peptide substrate and hydrolysis products were analyzed by use of an automated amino acid analyzer. Leucine, proline, and glycine were absorbed by the intestine at a significantly higher rate from the tetrapeptide than from an equivalent amino acid mixture. The analysis of the hydrolytic products in the lumen during in vivo perfusion of the tetrapeptide showed that two dipeptides, Leu-Pro and Gly-Gly, were the major products. These two dipeptides were also the major hydrolytic products when a purified rat intestinal brush border membrane preparation was incubated with Leu-ProGly-Gly. The rate of hydrolysis of the tetrapeptide was much higher than that for several other proline-containing peptides (Leu-Pro, Pro-Leu, and Pro-Gly-Gly) that were tested. Studies using Gly-Pro-,B-naphthylamide, a specific substrate for postproline dipeptidyl aminopeptidase IV, showed that this enzyme is mainly localized to the brush border membrane and is responsible for the hydrolysis of the tetrapeptide into the two dipeptides Leu-Pro and Gly-Gly. Thus, brush border membrane dipeptidyl aminopeptidase IV very likely plays an important role at the intestinal mucosal cell surface in the final stages of digestion of prolinecontaining peptides.
INTRODUCTION
The final protein digestion products presented to the small intestine are free amino acids and small peptides consisting of two to six amino acids (1) (2) (3) (4) . The processes involved in the absorption of these final products after luminal proteolysis by pancreatic endo-and exopeptidases are complex, but in most cases additional hydrolysis of these oligopeptides by brush border membrane peptidases is necessary before absorption by the intestinal enterocyte (5) (6) (7) (8) (9) . Even though a variety of peptidases have been described as being localized to the intestinal brush border membrane (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) , only a few have been studied in any great detail (21, 22) . Therefore, many of the biochemical and physiological events that occur during the final stages of digestion and absorption of peptides at the intestinal mucosal cell surface remain to be elucidated.
Proline is found in a wide variety of dietary proteins, and the collagen molecule, for example, contains a significant amount of Gly-Pro in its amino acid sequence (23) . In general, proline-containing peptides are resistant to hydrolysis by many of the known pancreatic and brush border membrane proteases (10, 22) . Thus, the means by which these types of oligopeptides are hydrolyzed and assimilated by the intestinal enterocyte is of nutritional and physiological importance. In this report, the peptide Leu-Pro-Gly-Gly was used in order to further elucidate the mechanisms involved in the assimilation of proline-containing peptides by the intestine. With the use of an in vivo perfusion technique to closely approximate physiological conditions, we were able to demonstrate that intestinal brush border membrane postproline dipeptidyl aminopeptidase IV (DAP IV) is of primary importance in the terminal digestion of Leu-Pro-Gly-Gly and probably plays a similar role in the digestion of other proline-containing peptides.
METHODS
Chemicals. All amino acids, peptides, and derivatives used in this study were purchased from Bachem Inc., (Torrance, CA). Bovine serum albumin, p-hydroxymercuribenzoate, and p-nitrophenyl phosphate were obtained from Sigma Chemical Co., (St. Louis, MO). ["4C]polyethylene glycol was obtained from New England Nuclear (Boston, MA). All other chemicals were of reagent grade quality.
Animals. Female rats (Wistar strain, Simonsen Laboratories, Gilroy, CA) weighing -250 g and maintained on a laboratory chow diet (Ralston Purina Co., St. Louis, MO) were used throughout the study. All experiments were carried out using fed animals.
Perfusion study. A steady state perfusion technique described in detail in a previous communication (9) (9) . The absorption rate of the amino acids during perfusion was calculated by using the formula described previously (9) .
Preparation of brush border membranes. Fed animals were killed by decapitation and the small intestine distal to the ligament of Treitz was removed. After a wash with icecold saline, the mucosa was scraped from the proximal half of the small intestine using a glass slide. Brush border membranes were prepared from the mucosal scrapings by the method described by Kessler et al. (24) . Isolated brush border membranes were suspended in 4 mM Tris-HCI buffer, pH 7.5, stored at -20°C, and used within 3 d.
Enzyme and protein assays. Postproline dipeptidyl aminopeptidase IV was assayed in 50 mM Tris-HCI buffer, pH 8.4, with 2 mM Gly-Pro-fi-naphthylamide as substrate. Aminopeptidase activity was measured in 50 mM phosphate buffer, pH 7.0, containing 0.5 mM p-hydroxymercuribenzoate, with 2 mM Leu-#-naphthylamide as substrate. The total volume of the incubation mixture was 400 ul in both assays. The reactions were initiated by the addition of substrate, incubated for 30 min at 37°C and terminated by the addition of 300 pl of 32% TCA. A colorimetric assay of the released 8-naphthylamine was used using the Branton-Marshal reaction (25, 26) . Addition of the following reagents to the assay mixture was done in a sequence: (a) 100 Ml of 0.3% sodium nitrite; (b) 100 Ml of 1.5% ammonium sulfamate; (c) 300 Mul of 0.1% N-1-naphthylethylenediamine dihydrochloride in 95% ethanol. The absorbance was read at 560 nm. Postproline endopeptidase activity was assayed using benzoyloxycarbonyl Gly-Pro-,#-naphthylamide as a substrate (27) and aminopeptidase activity was measured as described previously (15) using Leu-j-naphthylamide as a substrate. Alkaline phosphatase activity was measured by the method of Fujita et al. (28) . Protein concentration was determined by the method of Lowry et al. (29) .
Brush border membrane hydrolysis of Leu-Pro, Pro-Leu, Gly-Gly, Pro-Gly-Gly, Leu-Gly-Gly, and Leu-Pro-Gly-Gly was examined by incubating the membranes with 5 mM of each peptide in 50 mM Tris-HCI buffer pH 7.0, for 60 min at 37°C in a total volume of 2 ml. Control incubations, consisting of either enzyme alone or substrate alone, were also carried out. The reaction was terminated by the addition of 1 ml of 6% sulphosalicylic acid. The acidified reaction mixture was stored at -20°C until amino acid analysis. When the time course of hydrolysis of Leu-Pro-Gly-Gly (5 mM) by the brush border membranes was examined, an aliquot of the reaction mixture was removed for periods of up to 3 h.
Amino acid analysis. The amounts of free amino acids and peptides in the intestinal perfusion sample and brush border membrane hydrolysis sample were determined by ion-exchange chromatography with a 119CL amino acid analyzer (Beckman Instruments Inc., Palo Alto, CA). Samples were applied to a W-3 column and eluted successively with sodium citrate buffer as follows: (a) 0. tine, Leu-Pro-CGy-Gly, anid Len-Pro was achlieved (Fig. 1) . RESULTS Perflusiont stutdy. Wheni the al)sorption rates of leuciine, prolinie, anid glycinel frormi Leu-Pro-Gly-Gly and aii e(quivalent free aniino acid mixture were compared, all thiree amiino acids ,verec al)sorb)ed by the rat jejunum at a significaiitln higher rate from the tetrapeptide thiain fromII the amin0o aci(I IlliXture as shown n in Fig. 2 .
The rate of luImiInal appearance of the hvdrolvtic prodticts duliriIIg in viv o p)erflusion of Le l-P'ro-Gly-Gly is siown'Ii in Fig. 3 . The three conistituenit anmino acids anid twso dipeptides, Le -P'ro and(;Gly-Cly, vvere detected as the inajor hydrolytic products; however, the rate of appearance of the twto dipeptidles Wclas approximiately three tiimes higher wlhein comparetd with that for the aminio acitis. No Leu-Pro-Gly or Pro-Glv^-Gly peptide products ere detected.
Intact transport of Leu-Pro-Gly -Cly w as inot IIlm)Iitored tiuriing this study. The existence of a tlistinict tetrapeptide transport sv stemn has been a subject of cotntrt)versy in the recenit literature (8, 9, 30) . Therefore, additioinal studies in this area are wsarranted in order to be able to adequately assess the possible physiological importance of initact tetrapeptide tranisport.
IHydrolysis of Leu-Pro-Gly-Gly by the bruish border mtiemtibranies. WlheIn a purified brush border menmb)raIle preparation was incub)atetl with Leu-Pro-Gly- exaiiiiedi (Fig. 4) . In additiomi, the rate of appearance of these two dipeptides was linlear with time anid equimlolar. Only small amounits of free leucine, proliine, anid glycine Nvere released frorn Len-Pro-Gly-Gly by the brush border membranes. These dlata indicate that the rat initestinial brush border miiembranes coontain an enzyme capable of releasing the dipeptides Leti-Pro and Gly-G,ly fromii Len-Pro-Cly-Gly.
Detection of dipeptidyl anminopeptidase IV on the b)rush b)ordIer miietmibranes. The Leu-,B-naphthylamide, and p-nitrophenylphosphate were used as substrates for postproline dipeptidyl aminopeptidase IV, postproline endopeptidase, aminopeptidase and alkaline phosphatase, respectively. Gly-Pro-f,-naphthylamide has been most widely used as a substrate in the assay for dipeptidyl aminopeptidase IV activity (25, 26) . As shown in Table I , the purification factor for brush border membrane dipeptidyl aminopeptidase IV was comparable with that for aminopeptidase and alkaline phosphatase. Only a negligible amount of postproline cleaving enzyme activity could be detected in the homogenate and the brush border membranes. When Leu-Pro-Gly-Gly was added to the standard assay mixture for dipeptidyl aminopeptidase IV, hydrolysis of Gly-Pro-f,-naphthylamide by the brush border membranes was significantly inhibited as shown in Fig. 5 . No effect was observed by this peptide on the activity of brush border membrane aminopeptidase. Therefore the data suggest that dipeptidyl aminopeptidase IV is associated with the rat intestinal brush border membranes and that Leu-Pro-Gly-Gly is a substrate for this enzyme.
Hydrolysis of peptides by the brush border membranes. To study the mechanisms involved in the intestinal assimilation of Leu-Pro-Gly-Gly, the hydrolysis of various peptide substrates by the brush border membranes was examined. All peptides were incubated with brush border membranes at a concentration of 5 mM. As shown in Table II , the hydrolytic rates of three proline-containing peptides, Leu-Pro, ProLeu, and Pro-Gly-Gly were very low when compared with that of Leu-Gly-Gly, which has been shown to be a very good substrate for aminooligopeptidase (15) . Diglycine was hydrolyzed at a faster rate when compared with these proline-containing peptides, however the rate was still much lower than that of Leu-GlyGly. With Leu-Pro-Gly-Gly, the rate of hydrolysis was 15-70 times higher than that for the other proline containing peptides tested and was approximately two thirds the rate of that for Leu-Gly-Gly. Intestinal Assimilation of a Proline-containing Tetrapeptide (5, 31) and this has been shown to be due to the greater absorption capacity of the peptide transport system (5, 22, 32) . This study is in accordance with these studies and shows that the constituent amino acids were absorbed significantly faster from the tetrapeptide Leu-Pro-Gly-Gly than from an equivalent amino acid mixture. These results further indicate that the absorption of amino acids from LeuPro-Gly-Gly does not occur solely by the amino acid transport system. Analysis of the hydrolytic products after in vivo perfusion of Leu-Pro-Gly-Gly demonstrated that the major products detected in the perfusate were two dipeptides, Leu-Pro and Gly-Gly. Incubation of Leu-Pro-Gly-Gly with purified brush border membranes also yielded Leu-Pro and Gly-Gly as the major hydrolytic products. Only small amounts of free amino acids were detected in both experiments. This suggests that brush border membrane aminopeptidases do not play a major role in the terminal digestion of Leu-Pro-Gly-Gly and that there is another brush border membrane enzyme that hydrolyzes LeuPro-Gly-Gly into the two constituent dipeptides. Although brush border aminopeptidases have been shown to have broad substrate specificity and to hydrolyze amino acids sequentially from the amino terminus of a variety of peptides, proline-containing peptides are not hydrolyzed efficiently by these enzymes (10, 15) . In contrast, dipeptidyl aminopeptidase IV is capable of releasing aminoacylproline dipeptides from the amino terminus of proline-containing oligopeptides (25, 26) . This enzyme has been reported to be widely distributed among many tissues and to be associated with the intestinal brush border membranes of pig, rabbit, and man (20, 26, 27, 33, 34) . Since the initial discovery of dipeptidyl aminopeptidase IV by HopsuHavu using synthetic substrates (25) , this enzyme has been postulated to play an important role in the degradation of proline-containing peptides and proteins in various tissues. However, until this report, no direct evidence has been presented to substantiate this hypothesis. The data presented here show that dipeptidyl aminopeptidase IV co-purifies with other known brush border membrane hydrolases, and is localized to the rat intestinal brush border membrane, whereas postproline endopeptidase activity is negligible in both the rat intestinal homogenate and brush border membranes. Inhibition studies with a Leu-Pro-Gly-Gly and Gly-Pro-f3-naphthylamide indicate that these substrates are hydrolyzed by the same enzyme. The peptide Leu-Pro-Gly-Gly was hydrolyzed by the brush border membranes at a rate comparable with that of Leu-Gly-Gly, which is a very good substrate for intestinal aminooligopeptidase. Thus, data in this study indicate that intestinal brush border membrane dipeptidyl aminopeptidase IV plays a major role in the terminal digestion of Leu-Pro-Gly-Gly.
The major mechanisms involved in the intestinal assimilation of Leu-Pro-Gly-Gly most likely occur as follows: (a) Leu-Pro-Gly-Gly is initially hydrolyzed by brush border membrane dipeptidyl aminopeptidase IV into Leu-Pro and Gly-Gly; (b) Leu-Pro is then absorbed primarily intact by the peptide transport system, since it is not readily hydrolyzed by brush border membrane aminopeptidases; (c) Gly-Gly may be further hydrolyzed in part by brush border membrane aminopeptidases and absorbed by the amino acid transport system or absorbed intact by the peptide transport system; (d) absorbed Leu-Pro and Gly-Gly may be further hydrolyzed by prolidase (12, 35) and other dipeptidases (10, 11, 22) 
